Abrasive waterjet machining (AWJM) is an emerging machining process in which the material removal takes place due to abrasion. A stream of abrasive particles mixed with filtered water is subjected to the work surface with high velocity. The present study is focused on the experimental research and evaluation of the abrasive waterjet machining process in order to evaluate the technological factors affecting the machining quality of CFRP laminate using response surface methodology. The standoff distance, feed rate, and jet pressure were found to affect kerf taper, delamination, material removal rate, and surface roughness. The material related parameter, orientation of fiber, has been also found to affect the machining performance. The kerf taper was found to be 0.029 for 45 ∘ fiber orientation whereas it was 0.036 and 0. 
Introduction
Carbon fibers which are commonly used to reduce the weight of structural components on the aircraft result in improved fuel economy, reduced emissions, and increased load carrying capacity of the aircraft. CFRP also found application in automobile parts like car body, frame, hood, roof, and body panel for bus, propeller shaft, compressed natural gas tank, radiator core support, and chassis. They are also used in sporting goods like ski, bicycle, fishing rods, hockey sticks, badminton rackets, and golf shaft. CFRP proved to be good for environment and energy related applications like wind power blades, tidal power blades, fuel cells, tube trailer tank, battery charging flywheel, and electric cable core. However, some properties of composite laminates like nonhomogeneity, anisotropy, and highly abrasive and hard reinforced fibers make the machining of these laminates difficult [1, 2] . During machining, kinds of damage such as delamination and fiber pull-out occur which may reduce strength against fatigue, thus degrading the long-term performance of composite laminates [3] . The material delamination is serious issue associated with the machining of these materials [4, 5] . Carraro et al. [3] reported that voids present in the stacking of laminate may lead to propagation of damage in the laminate during processing. They further mentioned that the intralaminar and interlaminar properties play significant role in development of the damage. It was reported that, in aircraft industry, the rejection of parts due to delamination of material was as high as 60% [6] . Delamination remains the major challenge in machining of CFRP laminate by using most of the machining processes. Presently, there is no process which gives the complete solution for the delamination of the CFRP material. It has been demonstrated that the performance of AWJM is superior compared to laser machining and waterjet machining as far as delamination is concerned [5, 7] . Also it has been reported that the waterjet cutters are the efficient tools for the machining of the layered composites [2, 5] . They further added that delamination reduces significantly using AWJM. In AWJM, high velocity jet of abrasive slurry is impacted on work surface and it removes the material based on the principle of erosion of the material. AWJM has advantages like high machining versatility, relatively small cutting forces, high flexibility, and no thermal distortion [8] . While comparing with other machining processes like laser cutting and conventional machining process, no heat affected zone on the workpiece is produced [9] . Due to wide applications in aerospace and probable penetration in automotive industry, successful machining of these materials is necessary. Conventional machining is associated with poor surface integrity, laser beam machining leads to severe thermal damage, and wire electrodischarge machining is limited to conductive materials only. Although AWJM is associated with noisy pump and higher operating cost, it appears to show promise in machining of CFRP as compared to laser and WJM [1, 5, 10] . In addition, delamination is significantly reduced in this process [1, 5] . Besides, like laser beam machining, workpiece thickness is not a limitation in AEJM. Based on the literature, it appeared that although many attempts have been made to study AWJ and AWJM of CFRP, most of the studies have been undertaken on drilling. Therefore, it is necessary to investigate the profile cutting using AWJM. Besides, to the best of our knowledge, there are very few studies on modeling of AWJM of these materials. Therefore, the present study was undertaken to investigate the combination of input process parameters such as jet pressure, standoff distance, feed rate on dimensional accuracy, surface quality, and material removal rate. The effects of fiber orientation of these performance measures have also been studied, especially due to probable applications with different fiber orientation. In addition, empirical models have also been developed for kerf, surface roughness, and materials removal rate using response surface methodology. The scope of this study is, therefore, limited to empirical study of machinability of CFRP using AWJM.
Experimentation
The machine tool used for experimentation is manufactured by Waterjet Germany Pvt. Ltd. and model number is S3015, a CNC machine with working bed size 3200 × 1700 mm. The -, -, and -axis travel are 3000 mm, 1500 mm, and 200 mm, respectively, with table height 910 mm. The maximum working pressure is 400 MPa which is generated with 37 KW motor. The accuracy and repeatability of the machine are ±0.05 mm and ±0.03 mm, respectively. The workpiece used is a bidirectional CFRP laminate with size 100×100×8 mm and with fiber orientation being 45 ∘ , 60 ∘ , and 90 ∘ . A carbon fiber is a fibrous carbon material having a micrographite crystal structure made by fibrillation of epoxy resin. The strength to weight ratio for carbon fiber is 2457 with fiber diameter about 7 m. The tensile strength of the samples is about 1600 Nmm −2 .
Planning of the Experiments.
The experimentation is carried out considering the jet pressure, feed rate, standoff distance, and fiber orientation. The jet pressure in AWJM is important parameter as it decides the kinetic energy of the abrasive particles. The greater the jet pressure is, the more the kinetic energy is and the less the deflection of jet is [6] . The jet pressure also decides the MRR in the process. It has been also reported that with an increase in standoff distance the kerf width increases. The feed rate decides the efficiency of the process [11] . The surface roughness increases with increase in feed rate and standoff distance [12, 13] . However, relatively less study is available about the influence of fiber orientation. The different fiber orientations affect the quality of the cut. It has been reported that the CFRP laminate with 90 ∘ fiber orientation gives superior results for surface roughness [14] . The effect of fiber orientation on surface roughness of the CFRP laminate while trimming using polycrystalline diamond tool is studied reporting that the fiber orientation plays role in deciding the surface roughness [15] . In the present study, the input parameters which have been decided are abrasive waterjet pressure, feed rate, standoff distance, and a material related parameter, that is, fiber orientation. Table 1 shows the levels and range of abovementioned process parameter for the experimentation.
Response Surface Methodology.
Response surface methodology (RSM) is a collection of mathematical and statistical techniques for empirical model building. To reduce the size of experiments without compromising the accuracy, the uniform precision rotatable central composite experimental design (CCD) was used [16, 17] . In physical experiments, inaccuracy can be due, for example, to measurement errors while, in computer experiments, numerical noise is a result of incomplete convergence of iterative processes, round-off errors, or the discrete representation of continuous physical phenomena. In RSM, the errors are assumed to be random. The application of RSM to design optimization is aimed at reducing the cost of expensive analysis methods and their associated numerical noise. Table 2 shows the details of response surface experiments.
Results and Discussion

Kerf Taper.
The kerf taper is an undesirable outcome of any machining process. In the present study, kerf taper was found to be influenced by fiber orientation and standoff distance. The kerf taper is calculated as [18] Kerf Taper = − 2 ,
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The correlation coefficient ( ) is 0.80. The most significant process parameter was found to be fiber orientation. For 45 ∘ fiber orientation it gives best results.
Compared to 60
∘ and 90 ∘ fiber orientation, kerf taper was found to reduce while machining of workpiece with 45 ∘ fiber orientation. This might be attributed to less volume fraction of reinforcement in this material. The kerf taper was found to increase with standoff distance. This can be attributed to the reduced cutting ability of the abrasives when moving from the top to the bottom. The abrasive particles retard the cutting ability when moving from top surface to bottom surface. Figures 1 and 2 show the effect of fiber orientation and standoff distance on kerf taper. Kerf taper was found to reduce with increased jet pressure as shown in Figures 3 and 4 . This can be attributed to increased cutting ability of the abrasive particles at greater jet pressure due to higher kinetic energy.
Findings in the past [5, 7] are in agreement with the present observations. The feed rate has no effect on the kerf taper. Thus, the jet pressure, fiber orientation, and standoff distance decide the taper in AWJM process. 
Delamination Factor.
Delamination is the major defect found in machining of the composite materials. In CFRP laminate, the delamination has been observed on both sides of the laminate, that is, top and bottom side. It has been reported that the delamination is initiated by the shock wave generated by the jet in AWJM [5] . Therefore delamination is more on top side as compared to the bottom side. Figures  5, 6 , and 7 show that delamination is more on top side as compared to bottom side. When the abrasive particles reach the top surface they possess more energy to cut the material and then they continuously lose some part of the energy during propagation of the jet. Figure 8 shows surface plot of delamination versus standoff distance. As the standoff distance increases the jet gets diverge and the cutting area increases with an increase in jet diversion. The delamination factor is calculated as [19] Delamination Factor = ,
where is maximum damaged width and is original width of cut. 
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The correlation coefficients ( ) are 0.86 and 0.81, respectively, for top and bottom side. The standoff distance has been found to significantly influence the delamination on the top as well as bottom side of the CFRP laminate. The parameters like jet pressure and feed rate decide the kinetic energy and the cutting time for the process. But the standoff distance decides the area of cutting which increases or decreases the impact area. Topography of the machined surface is as shown in Figure 9 .
Material Removal Rate (MRR).
The material removal rate in any machining process is imperative parameter to decide the efficiency of the process. The feed rate was found to be the most significant parameter. MRR was found to improve with increased feed rate, Figure 10 . The surge in feed rate reduces the time required to complete the process. The feed rate decides the time required to complete the process.
Material removal rate is calculated by using [20] 
where is kerf width at top side, is kerf width at bottom side, is length of cut, is thickness of the laminate, is time required to perform operation, and unit is mm 
The correlation coefficient ( ) is 0.96. Figure 11 shows that, along with feed rate and standoff distance, MRR was found to be greater at higher jet pressure and at 45 ∘ fiber orientation. The CFRP material with 45 ∘ has less interaction of abrasive jet with fiber as compared to 60 ∘ and 90
∘ . Polymer resin is easy to cut as compared to fibers and therefore the 45 ∘ fiber orientation gives better MRR than the 60 ∘ and 90 ∘ . Also with increased jet pressure the kinetic energy of the abrasive particles increases. The higher kinetic energy increases the cutting ability of the abrasive particles which helps to remove more volume of material. MRR was found to increase with increased standoff distance, Figure 12 . This can be attributed to divergence in jet and low kinetic energy of the abrasive particles due to more distance between the jet and the workpiece.
Surface Roughness.
The AWJM parameters have been found to influence the surface roughness measured in terms of , , and . However, values like V , , , and remain unaffected. Figures 13, 14, and 15 show that value increases with increase in feed rate and SoD. The feed rate influences the time required for the cutting of the material. With increase in feed rate the abrasive particle gets less time to cut the material and new particles arrive in cutting region. With increase in feed rate the abrasive particles get less time to cut the material though particles possess more or less cutting energy. This increases the surface roughness. As standoff distance increases the distance to be traveled by the abrasive particles also increases. With increase in distance, the sharp cutting of the material is not possible which might be effect of reduced cutting ability of the abrasive particles. Therefore, as standoff distance increases the abrasive particles lose cutting ability during traveling owing to distance traveled and the intercollision between particles. This is in agreement with the findings of previous investigations [7, 8] .
Empirical models for , , and value have been developed using RSM experiments as 
The correlation coefficients for , , and value are 0.85, 0.87, and 0.85, respectively. The jet pressure and the fiber orientation also influence the surface roughness of the component, Figures 16 and 17 . Figures 18 and 19 show that as the Jet pressure increases the , , and value decease, because, with increase in jet pressure, the cutting ability of the abrasive particles increases. Stoić et al. also recommended increase of jet pressure and reduced feed rate to improve the surface finish [13] . It has been found that the fiber orientation also plays important role in deciding the surface roughness. decreases, the shear plane becomes more elliptical which results in increase in area to be cut.
Conclusions
In cutting of CFRP laminate using AWJM, various process parameters have influence on the performance measures. The standoff distance and feed rate have been found to show significant influence on the kerf taper, delamination factor, and the MRR. The fiber orientation and jet pressure affect the surface roughness of the cut. The fiber orientation is slightly unheeded part in composite machining and there is no significant literature available to study the effect of fiber orientation; we hope that this study will contribute in this concern. It is recommended that, in AWJM, higher jet pressure, less standoff distance, and moderate feed rate will give desirable results.
